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Overview of this PhD thesis
This  work follows  a preliminary research project started in 2001 for an MS thesis  in 
Molecular Biology in which oligonucleotide probes were developed to assess water quality 
using specific freshwater diatoms considered excellent bioindicators.
The results obtained in this  initial work were promising and contributed to the suc-
cess of an application for an EU-funded grant. The EU project, with the acronym MICRO-
PAD (MICRO-arrays  for the detection of the abundance and distribution of pathogenic Pro-
tozoa, flagellated Algae and freshwater Diatoms) was carried out in parallel with the re-
search work of the present thesis. Within this EU network our laboratory applied three dis-
tinct techniques  to the the identification of freshwater diatoms: PCR based technology, dot/
slot blot and microarray technology, which is defined as reverse dot-blot.
The structure of this  thesis consists of the main description of the experiments per-
formed, including a chapter dedicated to materials & methods, one to the results and fi-
nally a section in appendix where three manuscripts, one submitted, one in preparation, 
and one recently published are presented. 
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CHAPTER 1:
INTRODUCTION
7
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Diatoms and water quality
Diatoms are microscopic unicellular algae with a typical cell wall made of amorphous 
silicates (SiO2 ·nH2O). In their protoplast there are exactly the same organelles present in 
all eukaryotic algae (nucleus, dictiosoms, mitochondria, plastids  etc). The frustule is  made 
of 2 distinct valves (ipotheca and epitheca) tight together by the girdle, as shown in 
Fig.1.1.
Diatoms are ubiquitous organisms that can be found in a wide range of habitats and 
they are responsible of more than 25% of world wide primary production of organic carbon 
(Werner, 1977). 
They are present in almost all aquatic and terrestrial environments and they react 
rapidly to changes in water quality with high sensitivity. 
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Fig.1.1 Schematic representation of a diatom
Assessment of environmental conditions  in rivers and streams with diatoms has a 
long history, which has resulted in the development of the two basic conceptual and ana-
lytical approaches used today. First, based on the work of Kolkwitz and Marsson (1908), 
autoecological indices  were developed to infer levels  of pollution based on species com-
position of assemblages and the ecological preferences  and tolerances of taxa (i.e. Ze-
linka, 1961, Lange-Bertalot, 1979). Second, Patrick’s early monitoring studies  (Patrick 
1949; Patrick et al. 1954) relied primarily on diatom diversity as a general indicator of river 
health (i.e. ecological integrity), because species composition of assemblages varied sea-
sonally and species richness varied less. Thus, the concepts and tools for assessing eco-
system health and diagnosing causes impairment in aquatic habitats, particularly rivers 
and streams, were established and developed between 50 and 100 years ago. The many 
advances in the use of diatoms (an example in Fig.1.2) for monitoring stream and river 
quality have been reviewed  recently by Round (1991), Whitton et al. (1991), Coste et al. 
(1991).
Rivers and streams are complex ecosystems in which many environmental factors 
vary on different spatial and temporal scales. These variables can range from climate, land 
use, and geomorphology in the watershed (Richards et al. 1996) to the physical, chemical 
and biological characteristics of rivers and streams. Biological indicators  respond to altered 
physical and chemical conditions that may not have been measured. Biological indicators, 
based on organisms living from one day to several years, provide an integrated assess-
ment of environmental conditions  in streams and rivers that are spatially and temporally 
highly variable.
Using diatom indicators of environmental conditions in rivers and streams is  impor-
tant for their importance in ecosystems, their utility as indicators in environmental condi-
tions, and their ease of use. Diatoms, as one of the most abundant elements of water land 
community, represent a constitutive part of biodiversity and genetic resources in rivers and 
streams (Patrick, 1961). In addition, diatoms are the source of many nuisance algal prob-
lems, such as taste and odor impairment of drinking water, reducing water clarity, clogging 
water filters and toxic blooms (e.g. Palmer, 1962).
Diatoms are valuable indicators of environmental conditions in rivers and streams, 
because they respond directly and sensitively to many physical, chemical and biological 
changes in river and stream ecosystems. The sensitivity of diatoms to so many habitat 
conditions can make them highly valuable indicators, particularly if effects  of specific fac-
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tors can be distinguished. Knowing the hierarchical relations among factor effects will help 
to make diatom indicators more precise.
Diatoms occur in relatively diverse assemblages and species  are relatively easily dis-
tinguished when compared to other algae and invertebrates that also have diverse as-
semblages. Diatoms are readily distinguished to species and subspecies levels based on 
unique morphological features, whereas many other algal classes have more than one 
stage in a life cycle.
Identification to species level improves precision and accuracy of indicators that 
could arise from autoecological variability within genera. Diatoms are relatively similar in 
size (although varying many orders of magnitude in size) compared to variability among all 
groups of algae.
Diatoms have one of the shortest generation times of all biological indicators (Rott, 
1991). They reproduce and respond rapidly to environmental change and therefore are 
excellent early indicators of both pollution increases and habitat restoration success. Dia-
toms can be found in almost all aquatic habitats, so that the same group of organisms can 
be used for comparison of streams, lakes, wetlands, oceans, estuaries and even some 
ephemeral aquatic habitats. Diatoms can be found on substrata in streams, even when 
Fig. 1.2 Diatoms in the environment. (modified form the original picture 
taken from www.luc.edu/depts/biology/111/diatom2.jpg)
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thus stream is dry, so they can be sampled at most times of the year. Diatom frutstules are 
preserved in sediments and record habitat history.
Diatom community characteristics have been used to assess the ecological integrity 
of rivers and streams and to diagnose causes of degradation.
The complex inter-relationship between community assemblage and environmental 
factors requires continuous research of combined methodologies to assess  the ecological 
integrity of running water (e.g. Belkessam, Oberdorff & Hugueny, 1997).
The European Water Framework Directive (European Parliament, 2000, directive 
2000/60/EC, http://europea.eu.int/comm/environment/water) considers benthic diatoms as 
one of the essential groups of organisms to assess the ecological quality of rivers. Diatom 
assemblage composition have been associated with environmental factors, for example, 
diatom assemblages have been shown to be strongly related to pH (e.g. Eloranta, 1990; 
van Dam, 1997), and using this information a number of prediction models have been de-
veloped (e.g. Renberg & Hellberg, 1982; ter Braak & van Dam, 1989; Birks, Juggins & 
Line, 1990; ter Braak & Juggins, 1993; Racca et al., 2001). 
Diatom doubling time is one of the quickest among bioindicators  of river water quality 
(Rott, 1991). These algae divide frequently and can thus  indicate rapidly a change in water 
quality (Stevenson & Pan, 1999). Because of these features, biotic indices based on the 
autecological requirements of diatoms have been developed. Benthic diatoms are used as 
water quality assessment tools in cooperation with macroinvertebrates, which have a dedi-
cated index (IBE) and fish. Water managers use the information provided by these micror-
ganisms to integrate environmental quality on longer timeframes. Several diatom indices 
have been developed in EU countries  to assess biological quality of running waters, some 
having intermediate sensitivities [Biological Diatom Index (BDI), Generic Diatom Index 
(GDI), Index of Leclercq & Maquet (ILM), Slàdeècek index (SPI), Trophic Diatom Index 
(TDI)] and others higher sensitivities [European index (CEE), Eutrophication Pollution In-
dex (EPI-D) (Dell’Uomo, 2004), Rott saprobic index (ROT), Specific Polluosensitivity Index 
(SPI), Trophic Diatom Index (TDI)]. Although some differences were observed between the 
indices, their results were homogeneous when compared to those obtained with other pa-
rameters used to assess the difference between the transferred and the reference diatom 
assemblages (Rimet et al. 2005). 
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EPI-D
This  index was developed at the University of Camerino by Prof. Dell’Uomo with the 
intention to use a practical biological method to assess water quality in the Appennine river 
Chienti. In order to assess the biological quality of water, diatoms corresponding to the 
most abundant or significant species for a specific river were assigned a number (EPi). 
This  value indicates a specific sensitivity index which shows the behavior towards eutho-
phication and pollution phenomena, with particular reference to nutrients, organic pollution 
and chloride (Whitton and Rott, 1996).
The water quality of each station along the hydrogeographic basin of the river (EPI) is 
assessed using the formula of Zelinka and Marvan (1961):
EPI=  ∑ aj·rj·ij / ∑ aj·rj
Where:
• EPI is the overall euthophication/pollution index of the station
• aj is the abundance of the species involved
• ij stands for EPi, the index of euthophication/pollution characteristic for each species
• rj is the reliability R
 The resulting EPI is a integer or decimal number between 0 and 4 (i.e. Form the unpol-
luted water to the heavily polluted) and represent the quality of the river, as displayed in 
table 1.1 (Dell’Uomo, 1991).
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EPI description
0.0<EPI>0.5 Natural, unpolluted water
0.5<EPI>1.0 Excellent water quality
1.0<EPI>1.5 Good water quality
1.5<EPI>2.0 Fairly good water quality
2.0<EPI>2.5 Slightly polluted water
2.5<EPI>3.0 Rather polluted water
3.0<EPI>3.5 Strongly polluted water
3.5<EPI>4.0 Heavily polluted water
Table 1.1 Water quality levels and 
range of values for the EPI-D.
Phylogenetic studies
Phylogeny (or phylogenesis) is the origin and evolution of a set of organisms, usually 
a set of species. A major task of systematics is to determine the ancestral relationships 
among known species (both living and extinct). 
The study of evolutionary history and the relationships of biological taxa constitute 
the basic concept of Phylogenetics. In biology, phylogenetics (Greek: phylon = tribe, race 
and genetikos = relative to birth, from genesis  = birth) is the study of evolutionary related-
ness among various groups of organisms (e.g., species, populations). The degree of sub-
stitution differences in homologous sequences often reflects  the taxonomic diversity in na-
ture and the evolutionary individualities  of organisms can be used to reconstruct molecular 
phylogenetic trees. A phylogenetic tree, a form of cladogram, shows the evolutionary inter-
relationships among various species or other entities that are believed to have a common 
ancestor. Diatoms are classified according to this taxonomic scheme (Fig.1.3 A&B): 
Eukaryota; stramenopiles; Bacillariophyta; Bacillariophyceae; Bacillariophycidae
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Fig.1.3 Tree of life project
Classification of organisms in a 
phylogenetic tree. Diatoms posi-
tion is highlighted.
A.
B.
Assessing biodiversity
The biodiversity of eukaryotic microrganisms in aquatic microbial communities is 
generally estimated on the basis  of phenotypic characters but a significant number of stud-
ies dealing with microbial biodiversity involve the use of molecular tools (Dorigo et al. 
2005). Molecular techniques are increasingly used to detect specific groups of microorgan-
isms without cultivation in order to establish microbial diversity. Examples to establish 
community composition in environmental samples include techniques like flow cytometry 
(FC) in combination with molecular probes (fluorescently labeled), the use of Denaturing 
Gradient Gel Electrophoresis (DGGE, Muyzer et al. 1999), Pulse Field Gel Electrophoresis 
(PFGE, Wong et al. 1999), Single Strand Conformation Polymorphism (SSCP, Schwieger 
et al. 1998), Terminal Restriction Fragment Length Polymorphism (T-RFLP, Clement et al. 
1998), Fluorescence In-Situ Hybridization (FISH, Pernthaler et al. 2001). 
In PCR based techniques, the choice of primers makes it possible to target the se-
quence at different taxonomic levels (strain, species, genus, etc.).
Complex microbial communities are generally studied by rRNA-targeted nucleic acids 
probes and there are several good reasons why both small (16S/18S) and large (23S/28S) 
subunits  have been chosen as target. First of all, in most cells the rDNA is expressed in 
multiple copies; it seems that there is no lateral gene transfer and a manageable length of 
the sequences are on average 1500/1800bp for the small subunits  and 2800/3100bp for 
the large subunits (Aman  et al., 2000).
Oligonucleotide probe development
The small sub-unit ribosomal RNA gene (SSU rDNA) has become the universal 
taxonomic standard for bacteria and eukaryotes alike, especially because of the huge da-
tabase available to date (253,813 16S rDNA sequences on 28/7/2006 in the latest release 
of the Ribosomal Data Base project).  A comparison of their sequences allows the unam-
biguous placement of an unknown organism at its correct taxonomic position. Once the 
SSU rDNA sequence of existing or novel taxa has been established, one can design small 
oligonucleotide probes (between 15 and 30 nucleotides  long) that recognize only certain 
taxa (Amann 1995). The vast amount of rapidly accumulating sequence data provides an 
enormous database from which oligonucleotide sequences of varying specificity can be 
found. Ribosomal RNA probes are now available for many species of toxic algae and hier-
archical probes (Groben & Medlin, 2004) are now available for some algae in a microarray 
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format (Metfies & Medlin 2004, 2005, Metfies et al. 2005), whereas there are many more 
species level probes available for bacteria.
Current state of DNA-Microarray Technology
Brown and colleagues first invented DNA-microarray technology in 1995 (Schena et 
al., 1995) and, since then, it has proven to be one of the major breakthroughs in molecular 
analysis. This relatively new technology makes it possible to monitor a large number of 
genes simultaneously. At the bases of the technology is a so called gene-chip, which con-
sists of a microscope glass-slide with spots of nucleic acids in the form of oligonucleotides, 
PCR-Products, cDNA etc. There are two fundamentally different ways for the manufactur-
ing of gene-chips. One way is the synthesis  of oligonucleotides directly on the chip-surface 
(Singh-Gasson et al., 1999), which enables the production of gene-chips with a high spot-
density. Currently gene-chips  exist with numbers of spots as high as 100.000/cm2. In con-
trast to that it is also possible to print or spot nucleic acids onto the surface of the glass-
slide (Okamato et al., 2000) via an arrayer that features a high-speed robotic arm fitted 
with a number of pins or a piezo-electric pipette. The DNA is attached to the surface by ei-
ther covalent bonds or charge interactions. This approach would be applied for the manu-
facturing of gene-chips harboring spots  of oligonucleotides as  well as spots of PCR prod-
ucts or cDNAs.  In a microarray experiment the DNA spotted onto the chip is hybridized to 
complementary nucleic acids. The hybridisation is  usually detected via a fluorescent label 
attached to the target-DNA. The labeling of the target-DNA occurs  either directly by an in-
corporation of fluorophore-labeled nucleotides or indirectly by using fluorophore-labeled 
streptavidin which binds to biotinylated nucleotides (Schena,1996; Heller et al., 1997). The 
analysis is  performed by specific excitation of the fluorophore by the appropriate laser 
wavelength in a laser-based scanner.
Current and future applications of DNA microarray technology
The most widely used research application for DNA microarrays is  gene expression 
profiling. There have been numerous publications about gene expression profiling in order 
to understand mechanisms of transcription in eukaryotic cells using the Saccharomyces 
cerevisiae (Lee et al., 2000; Sudarsanam et al., 2000; Kerkmann & Lehming, 2001). Gene 
expression profiling is also widely applied in cancer research, where it is used to under-
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stand the differences in gene expression of tumour cells and normal cells or to differentiate 
between two tumour-cells  which are indistinguishable by other methods (Golub et al., 
1999; Alizadeh et al., 2000; Yuan Rq et al., 2001). Furthermore microarrays have been 
successfully applied to large scale genotyping (Cutler et al., 2001) and SNP analysis (Fan 
et al., 2000). Although the current use of microarray technology is focused mainly in the 
pharmaceutical industry and medical diagnostics, there is  a considerable number of other 
potential application-fields for the technology in the future. Such fields would be the moni-
toring of food or water quality, plant and animal breeding or biodiversity on the molecular 
level. These are only a few examples of the many applications that already take advantage 
of the great potential of DNA analysis and which could be further improved by microarray 
technology.
Microarrays and environmental studies
The first DNA-microchip to study microbial diversity was a chip to analyze samples 
that contained nitrifying bacteria, which are difficult to study by cultivation (Guschin et al., 
1997). In this publication a hierarchical set of oligonucleotide probes targeting the 16S ri-
bosomal rRNA (rRNA) was created to analyze the bacterial samples on the DNA-chip. 
In recent years, molecular ecology has embraced microarray technology in the study 
of complex environmental communities. 16S rDNA-based microarrays were characterized 
by initial steps of PCR amplification such as for assessing cyanobacteria diversity, which 
can now be established in the environment with the developed universal microarray (Cas-
tiglioni et al. 2002). 
A DNA microarray platform was developed for the characterization of freshwater 
sediments in prokaryotic communities in the absence of any amplification step (Jörg 
Peplies et al. 2006) by directly extracting and labeling of the total RNA. This approach is  in 
accordance with previous  work where a DNA chip has been applied for the direct detection 
of nitrifying bacteria in wastewater treatment plants (Kelly et al. 2005).
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CHAPTER 2:
MATERIALS & METHODS
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Diatoms sources and isolation techniques
Freshwater diatoms were obtained from official Culture Collections or were sampled 
from their natural habitat by filtering volumes of water (in the case of planktonic diatoms), 
or by collecting some of the substratum on which they are living, in the case of benthic or 
terrestrial diatoms. The sources are listed below:
• Freshwater diatom culture collection (FDCC), Loras College University-
Dubuque-Iowa (U.S.A)
• Culture Collection of Algae (SAG), University of Göttingen-Germany
• Environmental samples from Potenza River, upstream and downstream the 
paper mill of Pioraco -MC- Italy. Epiiphitic diatoms were collected from macroalgae, 
while epilithic diatoms from different stones in the river stream
Equipment:
• Multiwell Costar® plates (6 to 24 wells)
• Cell scraper (TPP, XX)
• GelLoader® Tip (Eppendorf, Germany)
• VacuCap® 0.2 µm filter (Pall-Gelman  Laboratory)
• Isopore membrane 0.2 µm GTTP (Millipore)
• Vacuum pump
• Inverted microscope (ZEISS Axiovert25, up to 300X of magnitude)
The isolation technique used was based on serial dilutions of environmental samples 
to remove most of debris, cyliates or rotifers and other predators for diatoms. A net with 
large pore size (1mm) was initially applied to remove particles  and big microorganisms, 
then filters of variable pore size (0.2µm-0.45µm) were used to concentrate diatoms and to 
eliminate from other organisms, especially those that can out-compete the target species. 
This  isolation was done using either special tips for gel loading (Gel Loader® Tip) or a 
Pasteur pipette modified under the flame to reduce the diameter of the tip. The first has a 
more flexible tip that does not break the cells and reduces the number of scratches on the 
surface of the flask. Small tips were optimized for single cells isolation or separation of 
cluster cells belonging to the same species. The final step required continued growth upon 
sub-culturing in artificial media (DYIV, see List of Media) or filtered (0.2µm ø) water sam-
pled from the river (i.e. Potenza stream).  
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Preparation of diatoms for microscopy
Species identification was performed according to the standard protocol for diatoms 
at the Department of Botany, University of Camerino and confirmed at the Istituto Superi-
ore di Sanità (ISS, National Insitute of Health) in Rome.
Diatom samples were cleaned with strong oxidizing agents, such as concentrated 
acids (HCl or H2O2), to burn away all organic matter.  After cleaning and washing to re-
move all traces of acid that would react with the mountant, the diatoms were dried on cov-
erslips  and mounted onto glass  slides using a high refractive index mountant such as 
Naphrax® (R.I. greater than 1.65). This provides a level of optical contrast that mounting 
them in water or canada balsam does not. Preparations of diatoms in Naphrax® are effec-
tively permanent, enabling them to be kept in a reference collection for future use. 
Diatom growth conditions
Most of the species  grown in the laboratory were ordered by mail from the Culture 
Collection FDCC, the biggest culture collection for diatoms directed by Prof. D.Czarnecki 
(czdiatom@loras.edu), or isolated directly from the environment. All the diatoms were cul-
tured in artificial media like DYIV or filtered water and  grown in a stand-up incubator at 
constant temperature set at 15°C. They were incubated under cool white bulbs with 16 
hours of light and 8 hours of darkness. Approximately every 2 weeks back up cultures 
were made by inoculating 400/600µl of the saturated culture into 35 ml of filtered water or 
DYIV.
DNA extraction methods
CTAB method:
The CTAB protocol (Richards et al. 2002) was adapted  to maximize the yield of DNA 
from freshwater diatoms. 150 ml of a saturated culture was filtered using 0.2µm filters 
which were then placed in a tube containing 5 ml of pre-warmed (60°C) 3% CTAB solution; 
the cells were gently removed from the filter using the tip of a micro-pipet. The Falcon tube 
was incubated at 60°C for 30’, vortexing every 10’, followed by the addition of 1 Volume of 
Phenol/Chloroform and vortexed. After centrifugation for 20’ at 8k rpm (20°C) the aqueous 
phase was transfered in a new tube. Then, 1 Volume of Chloroform/Isoamyl alcohol (24:1) 
was added  and previous steps repeated. 1Volume of ice-cold 2-propanol was added and 
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the tube was kept in ice for 4 hours or 1h at -20°C. The DNA pellet was collected centrifug-
ing 30’ at 8k rpm (4°C), washed in 1ml of absolute ethanol and left 1h at -20°C. Following 
centrifugation for 30’ at 8k rpm (4°C), finally the pellet was resuspended in 50µl of TE 
buffer (Tris-HCl 10mM, EDTA 1mM, pH=8) and kept it at -20°C.
CTAB extraction solution
3% (w/v) CTAB (Sigma Hexadecyltrimethyl-ammonium-bromide)
100 mM Tris·Cl, pH 8.0
20 mM EDTA, pH 8.0
1.4 M NaCl
Store at room temperature (stable several years)
CTAB precipitation solution
1% (w/v) CTAB
50 mM Tris·Cl, pH 8.0
10 mM EDTA, pH 8.0
Store at room temperature (stable several years)
Extraction buffer
100 mM Tris·Cl, pH 8.0
100 mM EDTA, pH 8.0
250 mM NaCl
100 ug/ml proteinase K (add fresh before use)
Store indefinitely at room temperature without proteinase K
High-salt TE buffer
10 mM Tris·Cl, pH 8.0
0.1 mM EDTA, pH 8.0
1 M NaCl
Store at room temperature (stable for several years) 
3% CTAB Solution 
10 ml 1M Tris-HCl (pH 8.0 a 20°C)
3 g CTAB
35 ml 4M NaCl
200 µl β-mercaptoethanol
10 ml 0.2M EDTA (pH 7.2)
Add Milli-Q water to 100 ml 
 Phenol/Chloroform (1:1)
 Chloroform /Iso-amyl Alchool (24:1)
 2-propanol
 Glass Corex® tubes or plastic Falcon® tubes
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Invitek plant kit:
This  commercial kit (Invitek®, Germany) was used for DNA extraction according to 
manufacturer protocol.
DNA amplification and  purification
DNA amplification
DNA extracted directly from pure freshwater diatom cultures was amplified with the T-
gradient thermocycler (Biometra®, Goettingen) and processed according to specific PCR 
protocols  developed for the amplification of the complete 18S rDNA gene and for nested 
amplicons.
In order to get the amplification of the entire 18S rDNA (1800 bp), #730 and #731 
primers pair or #758 and #764 were utilized in the PCR reaction (for primers see table 
2.1).  
PCR amplification was performed in 20 µl volumes with a final concentration of ap-
proximately 5-30ng of chromosomal DNA in 1X PCR Buffer (provided with the Taq po-
lymerase), 2.0 mM of MgCl2, 0.6 µM of dNTPs, 0.6 µM of each primer and 0.04 Units of 
Taq Polymerase (FideliTaq, USB®). Samples were subjected to 30-35 cycles of 94°C for 1 
min, 60°C for 1 min, 72°C for 2 min, followed by a final extension at 72°C for 10 min. Am-
plification was checked on Agarose gel (0.8 or 1% w/v), stained with ethidium bromide and 
then was recorded by using a transilluminator and a Kodak DC20 digital camera in combi-
nation with the software Kodak DC 1.0 provided with the camera.
DNA purification
PCR products were purified using the GenElute® PCR clean up kit (Sigma-Aldrich, 
Italy) according to the manufacturer protocol. An aliquot of the extracted DNA was quanti-
fied on ethidium bromide stained agarose gel (1% w/v) and then fluorescent DNA bands 
were recorded by using a transilluminator and digital camera DC20 in combination with the 
software Kodak DC 1.0 provided with the camera.  
Primers targeting 18S rDNA 
The primers listed in table 2.1 were used for sequencing the 18S rDNA or to amplify 
specific regions of the target gene (see also the schematic representation in Fig..2.1). 
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Table 2.1 Forward and Reverse primers
F, forward; R, reverse; RS Restriction Sites added; SF, Sequencing Forward; SR, Sequencing Reverse.
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FORWARD PRIMERS
Position  DNA  sequence    ( 5'   →   3') Cod.
1 F AAC CTG GTT GAT CCT GCC AGT # 757
1 F+RS CCG AAT TCG TCG ACA ACC TGG TTG ATC CTG CCA GT # 730
82 F GTG AAA CTG CGA ATG GCT CAT # 758
390 F GGT AGK GTA TTG GMC TAC C # 792
528 F GCG GTA ATT CCA GCT CCA A # 759
960 F ATC AAG AAC GAA AGT TAG # 794
1120 F GAA ACT TAA AGA AAT TG # 791
1255 F GGT GGT GCA TGG CCG TTC TT # 761
1600 F TGY ACA CAC CGC CCG TC # 790
REVERSE PRIMERS
Position  DNA  sequence    ( 5'   →   3') Cod.
1800 R TGA TCC TTC TGC AGG TTC ACC TAC # 764
1800 R+RS CCC GGG ATC CAA GCT TGA TCC TTC TGC AGG TTC ACC TAC # 731
1600 R ACG GGC GGT GTG TAC AAA GG # 763
1400 R GGG CAT CAC AGA CCT G # 802
1255 R ACG GCC ATG CAC CAC CAC CCA T # 762
960 R CTA ACT TTC GTT CTT GAT # 793
790 R ATT ATT CCA TGC TAA T # 801
536 R AAT TAC CGC GGC KGC TGG CA # 760
650R AAC ACT CTA ATT TTT TCA CAG # 812
Fig. 2.1 Forward and Reverse primers.
universal primers placed on an ideal linear 18S rDNA, used for both DNA 
sequencing and PCR amplification
5’
3’
3’
1000500 1500
#791
#758
#730
#757
#790
#792
#794 #761
#731
#764
#763
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#762
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5’
#812#811
18S rDNA Sequencing
DNA fragments obtained by the amplification of the 18S rDNA using the primers 
listed in table 2.1 were sent to Sequencing Core Facility at the BMR-CRIBI, University of 
Padova. PCR fragments were used as template to obtain the complete sequence of each 
diatom species. Over 20 different diatom 18S rDNAs were sequenced and for each of the 
consensus sequence 3 different primers for the (+) strand and 3 for the (-) strand were 
used. The sequences were assembled using SeqManII®, included in the commercial soft-
ware DNAstar® (Lasergene, www.lasergene.com), to obtain contiguous sequences (Con-
tigs) and finally the consensus sequence (for example see Fig.2.2). 
To verify the correctness of the sequence, the presence of one or two universal prim-
ers  was  obtained  using EditSeq® (included in DNAstar®), which highlights the reverse 
complement sequence of the primers.
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Fig.2.2 Assembling of the Nitschia communis 18S rDNA gene
4 chromatograms (3 forward and 1 reverse sequences) in the 630-730bp region of the 18S 
rDNA. On top of the picture there is the consensus sequence.
Probe design
A diatom database consisting of over 450 sequences of 18 rDNA is available in our 
laboratory; it includes all the sequences provided by Dr Medlin from the AWI-Bremerhaven 
and those that were sequenced in this work. This database is constitutive of the ARB 
Package (Ludwig et al. 2004), which was used for the design of species-specific probes. 
The sequences are stored in a PT-Server that contains only the basic information of 
the sequence itself with no details on the Authors, journals or additional features included 
in Genbank files. Parameters  such as probe length, G+C content, and the target region 
referred to E.coli can be established and the Probe Design tool searches for potential tar-
get sites against the full sequence data set stored in the PT-Server. Probe Match provides 
a list of sites on both strands of the rDNA which shares similarity with the target site under 
evaluation. 
Probes of different length (18, 25 and 30 mer) were selected and only those present-
ing at least two mismatches with other diatom sequences were selected. Differences of 
base composition in probe sequences give high discrimination power if they are localized 
in the center part of the oligonucleotide or at the 3’ end (Loy A. et al. 2002). A GC content 
>50% was preferably chosen but it was not exclusive. Tm range was set in ARB assigning 
(2°C for the A-T bond and 4°C for G-C), in the theoretical range of 52-86°C. The oligonu-
cleotides designed, theoretically capable of specifically annealing to the DNA of individual 
diatom species, were analyzed with PrimerSelect® (package included in DNAstar®), to 
check formation of any hairpin structures and/or primer-dimers. This  software predicts also 
the internal stability (self-complementary) of each oligonucleotide probe and its position 
within the 18S rRNA sequence. 
Finally, a BLAST search (http://www.ncbi.nlm.nih.gov/BLAST/) was assessed to con-
trol the uniqueness of the oligonucleotides designed.
The theoretical melting temperature (Tm) was calculated using TmCheck (Primrose 
toolkit) according to the Nearest Neighbour method (Rychlik et al.1990).
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Dot/Slot blot experiments
The specificity of the designed probes was preliminarily screened using radioactive 
primers hybridized onto filters on which PCR-amplified 18S rDNA sequences correspond-
ing to individual species of diatoms had been blotted by the dot-blot or slot-blot technique. 
Reagents
 - NaOH 0.2N 
 - 2X SSC  (Sambrook & Russell (2001)
 - SDS 0.1%
Equipment
 -  Bio-Dot and Bio-Dot SF (Bio-Rad Laboratories s.r.l, Italy)
 - Optitran® - BA-S 83 (Whatman®, VWR s.r.l, Italy)
 - GS Gene Linker UV chamber (Bio-Rad Laboratories s.r.l, Italy)
 - Waterbath
 - Hybridization Oven/Shaker Si 20H (Stuart Scientific)
Probe labeling
in 10µl of reaction:
- 1 µl 10X  Reaction Buffer 
- 5µl γP32 -ATP (activity of 3000Ci/mmol) (Amersham®, Italy)
- 1µl oligonucleotide Probe (1.5-2.0 pmol/µl)
- 1µl T4 Polynucleotide Kinase (10u/µl) (Amersham®, Italy)
The Bio-Dot apparatus was mounted with 3 sheets  of absorbing paper and 1 sheet of 
H-Bond membrane (previously rinsed in 2X SSC). The  DNA (20-100ng) was denaturated 
in NaOH 0.2N for 1/2hour at 37°C and after  diluting in TE Buffer or H20 dispensed in  250 
µl aliquots in each well of the grid with 200µl of 2X SSC.  At least 2 replicate dilutions of 
the same PCR products were spotted on the membrane in order to compare the hybridiza-
tion signal with the probes. The spotted membranes were pre-hybridized for at least 1 hour 
and then the labeled oligonucleotide was added. Hybridization ran over night in continuous 
shaking. Molecular Imager (BioRad) was used to determine the intensity of hybridized 
probe. Membranes were re-used after stripping in 400 ml of 0.1% SDS boiling for 5 min-
utes and then rinsing in H2O.
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Microarray experiments
Preliminary microarray experiments were carried out with the dual aim of confirming 
the specificity of the designed probes and examining the influence of parameters such as 
probe length (18, 25 or 30 mer), number of carbons at their 5’ end (C6 or C12), presence 
or absence of a poly(T) tail, chemical nature of slide surface (Epoxy or Aldehyde coated) 
and length of the PCR fragments (entire rDNA or nested PCR products).
Printing procedure
Two different array spotters were used to produce the microarray slides, one avail-
able at the University of Delft , Holland (described in manuscript 1, Appendix), and one at 
the Microarray Core Facility in Padova (CRIBI, University of Padova, Italy). Both spotters 
used a piezojet-dispensing process consisting of three steps: (1) Aspiration of an aliquot of 
sample through the capillary, (2) dispensing of one subnanoliter droplet of sample to 
equivalent spots  on each chip, and (3) discharge of remaining sample volume and clean-
ing of the piezojet. 
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Oligonucleotide probes  were spotted on the glass slide in low density (no more 
than 200 spots) using one single slide for two separate hybridizations. A schematic 
representation of the microarray slide is shown in Fig.XX, where two identical copies 
of the same array (4 blocks each) were placed one at the centre top of the slide and 
one at the center bottom, separated enough from each other to avoid any contamina-
tion. 
The arrays were fabricated on standard 25 mm × 75 mm glass microscope slides 
with spacing between spots of 100–200 µm. Initially, both Genetix® and Schott® aminosilan 
and epoxidic modified slides were used for microarray experiments, but Genetix epoxy-
coated slides were selected for routine experiments due to their reduced noise back-
ground and price/quality ratio.
The probes were diluted to a concentration of 25 µM in 3x SSC and a saturated solu-
tion of BSA-Cy5 was used as a control for the spotting process.
Sample labeling and hybridization protocol
✦ Decalabel® Kit by Fermentas (Germany)
✦ Oven
✦ Magnetic stirrer
✦ Hybridization chambers
✦ 50ml Falcon tubes
✦ Eiresci Lifterslip® 22x25l
✦ Genetix Epoxy coated slides
Random Biotyn-labeling (Vf = 50 µl)
- 400/500ng of PCR product
- 10 µl Decanucleotides in 5X Buffer
1) Pre-hybridization step:
- the slide was placed in a box covered by pre-warmed pre-Hybridization sol. 
(1X STT Buffer + BSA 1 µg/µl) and incubate for 1h at Hybridization temperature 
(58°C for all microarray experiments)
- After incubation place the slides in a 50 ml falcon tube
- Centrifuged the slide at 2000 rpm for 2 min
2) Preparation of hybridization mix (Vf = 80 µl)
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- 40 µl hybridization buffer (2X STT, 1µg/µl BSA, 0.1µg/µl HS-DNA)
- 300-500ng of biotin-labeled PCR product
3) Hybridization
- Put the hybridization mix at 94°C for 5 min, then keep in ice
- Apply the hybridization solution to the slide (half Volume on the upper part 
and half on the bottom one)
- Incubate for 1h at 58°C in hybridization chambers pre-warmed to increase 
the humidity.
4) Washing steps
- 15’ in Wash Buffer 1 (2X SSC, 10mM EDTA, 0.05% SDS) at 58°C (hybridiza-
tion temperature) under stirring
- 10’ in Wash Buffer 1 (2X SSC, 10mM EDTA, 0.05% SDS)  at RT under  stirring
- Centrifuged at 2000 rpm for 2 min 
5) Staining
- Dilute Cy5-Streptavidin stock solution (1mg/ml) to a final concentration of 
1:20000
Vf 80µl (35µl are enough for each cover-slip)
- 30-40 min at RT in a wet chamber (for short fragment 30 min are enough)
6) Washing steps
- 5’ in Wash Buffer 1 (2X SSC, 10mM EDTA, 0.05% SDS) at 58°C (hybridization 
temperature) under the stirrer (repeat twice)
- 5’ in Wash Buffer 1 (2X SSC, 10mM EDTA, 0.05% SDS)  at RT under stirring
- Centrifuge at 2000 rpm for 2 min 
- Prepare a container filled with 2-propanol
- Transfer slides into prepared container and shake a few times at RT
- Quickly centrifuge the slides at 2000 rpm for 1 min
Store the slides at RT in the dark until scanning
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Image capture and image analysis
Each slide was analyzed twice using a GSL Lumonics ScanArray 4000 (Perkin El-
mer, Boston), and using ScanArray express, software that measures the intensity of the 
signal in which different parameters can be adjusted or set. The highest resolution for this 
scanner is 5 µm that we always used to have pictures with high quality grade. In addition, 
the background noise of the slide was taken in consideration. In general the laser power 
was set to 80% or 90%, but the PMT gain (PhotoMultiplier Tube voltage) was maintained 
constant. 
Images were scanned and saved in .tiff format in order to keep all the information 
within the file for further analysis. The channel used was for Cy5, an excitable dye that ab-
sorb at 633 nm, no other dyes were used in the microarray experiments (Fig. 2.3).
Subsequently, the images  were analyzed using the software Quantarray® or ScanAr-
ray express that has also a quantization tool. The grid of the array, the names of each sin-
gle dot, their position and all the information concerning a particular experiment are stored 
in a .GAL file (Gene Array List) that the spotter saves as output at the end of the printing 
procedure.
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2x STT
Final 
Concentration
NaCl 2 M
Tris pH 8 20 mM
Triton X-100 0,01 %
Hybridiziation 
Buffer
Final 
Concentration
BSA 0,5 mg/ml
HS-DNA 0,1 µg/µl
STT Buffer 1x
NaCl 1 M
Tris pH 7,6 10 mM
Triton X -100 0,005%
Normalization and background subtraction techniques  are methods of data manipu-
lation and the purpose of these techniques is to reduce the error (variability) that occurs 
between replicates  and thus enable a comparison of data across samples. During hybridi-
zation occurs a non-specific binding to the slide occurs that will effectively ‘darken’ the im-
age and give false high readings of fluorescent intensity. Background subtraction, in bun-
dle with most of the microarray image analysis packages, automatically corrects the non-
specific hybridization and it reduces error due to background staining. 
To normalize the data the Cy5 Median value was subtracted from the background 
and plotted, then, including all replicates. The plots were prepared utilizing the Sigma Plot 
software;for each point the standard deviation was calculated and introduced as an error 
bar within the plot. 
Fig. 2.3 Choice of parameters
In ScanArray express different parameters can be adjusted: 
the  resolution (5µm to 50µm), the fluorophore to use and the area to scan.
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Media recipes
Artificial Freshwater Media DY-IV (Nach Carole Lembi, Indiana University)
KCl (3.0 g/L dH2O) 1.0 ml
NH4Cl (2.68 g/L dH2O) 1.0 ml
NaNO3 (20.0 g/L dH20) 1.0 ml
beta-Glicerophosphate (2.16 g/L dH20) 1.0 ml
H3BO3 (0.8 g/L dH20) 1.0 ml
Na2EDTA·2H2O (8.0 g/L dH20) 1.0 ml
Na2SiO3·9H2O (14.0 g/L dH20) 1.0 ml
FeCl3 (1.0 g/L dH20) 1.0 ml
CaCl2 (75.0 g/L dH20) 1.0 ml
MES 200 mg
DY Trace metal solution 1.0 ml
f/2 Vitamine solution 0.5 ml
Add dH20 up to 1L and adjust the pH to 6.8 with NaOH, autoclave 20’ at 121°C.
DY Trace Metal Solution:
MnCl2 200 mg
MnSO4 40 mg
CoCl2 8 mg
Na2MoO4  20 mg
NaVO3  2 mg
H2SeO3  4 mg
Dissolve each metal compounds individually (each one in 100 ml, autoclaved) and 
mix the solutions adding dH2O (up to 1L).
f/2 Vitamine Solution:
B12 (1.0 g/L dH2O) 1.0 ml
Biotin (0.1 g/L dH2O) 10.0 ml
Thiamin HCl 200.0 mg
Add dH2O up to 1.0L and filter (0.2µm ø). Keep it at 4°C.
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Nearest Neighbour method
Tm =(1000ΔH)/(-10.8 + ΔS + Rln(C/4)) + 16.6log(Meq) - 273.15
Where:
      ΔH = Enthaply change (Kcal/mol) = -196.4. 
      ΔS = Entropy change (cal/K·mol) = -507.5. 
      R = Gas constant (cal/K·mol)= 1.987. 
      C = Conc. of Oligonucleotide (M) = 2.5 x 10-10.
      Meq = Conc. of [Na+] equivalents* (M) = 0.181.
*Meq = [Na+] + 120(√([Mg2+] - [dNTPs]))
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CHAPTER 3:
RESULTS
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Diatom isolation and cultivation
Four different freshwater diatom species, Melosira varians, Surirella brevissonii 
(Fig.3.1), Nitzschia palea var. debilis and Navicula jobaudii, were successfully isolated and 
maintained in culture. The identification was made by the Dept. of Botany at the University 
of Camerino and confirmed by the National Institute of Health in Rome (ISS). Isolation of 
pure cultures is  a time consuming process, thus, in order to have at least four species  for 
each level of water quality, some diatoms were obtained from the Freshwater Diatom Cul-
ture Collection (FDCC), which provided more than 20 freshwater diatoms (including Frus-
tulia vulgaris shown in Fig.3.1). Partner laboratories in the European Community supplied 
other pure cultures of diatoms. These selected diatom species are found in both rivers 
(Chienti and Potenza) chosen as source for environmental sampling.
18S rDNA Sequencing
Sequence data for 20 diatom species that are considered good bioindicators for wa-
ter quality  assessment were successfully obtained.  Within the collaboration with Dr 
L.K.Medlin from the AWI in Bremerhaven it was possible to have access to a diatoms 
dedicated database, which, including the sequences obtained in our laboratory, amounts 
to a total number of approximately 500 completed sequences for the 18S rDNA. Only a 
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Fig. 3.1 Diatom isolation
Two distinct diatoms were successfully 
isolated from Potenza river: Frustulia 
vulgaris and Surirella brebissonii
small number of sequences is  available in public databases such as NCBI 
(http://www.ncbi.nlm.nih.gov/entrez/query.fcgi) or Ribosome Database Project II 
(http://rdp.cme.msu.edu/); for this reason, it was very important for the entire project to 
have access to as many 18S rDNA sequences as possible.
Probe design
A complete list of 87 probes belonging to 33 different freshwater diatom species is 
described in the table below (3.1). In the experimental design, it was our intention to asso-
ciate at least 2 distinct probes, preferably of different length or location on the 18S rDNA, 
to each diatom species. The 18S rDNA gene is highly conserved, however, there are 3 
main variable regions within the 1800bp  situated at 200-300bp, 500-650bp and 1100-
1250bp; the species-specific probes were designed primarily in these regions. Probes 
have, in general, mismatches distributed over the entire length of the molecule or they  are 
located in central position of the oligonucleotide in order to have a destabilizing effect dur-
ing hybridization to the potential DNA duplex. 
Table 3.1. List of probes designed
Species code_name Length Sequence (5’-3’) Position
Achnanthidium 
minutissimum
ACHND_MIN_01 18 GCACGAAUGCGAUCCGCA 321-338
ACHND_MIN_02 25 GGACCACAACUGUCACCACAAAUCC 601-625
Amphiprora
paludosa
AMPH_PAL_01 18 GTCGCCGGACGATGCCGT 274-291
AMPH_PAL_02 25 CCCAAGGATGCATACCCCCGAACGT 669-693
Amphora 
montana
AMP_MONT_01 18 CGGACCTCAGGGACCACC 595-612
AMP_MONT_02 25 CAGTCCCCAAAAGTACCGGAATCGG 610-634
Anomoeoneis 
sphaerophora
ANOE_SPH_01 18 TACCTGCGTACACAAACC 818-835
ANOE_SPH_02 25 CAAGTTCTCACAACCCCAACCAGTG 1681-1705
Bacillaria 
paxillifer
BACI_PAX_01 18 ACAAAAGTGTCACGCCGC 639-656
BACI_PAX_02 25 CACATCACCCCGAAGGTTGGTTTCA 206-230
Cyclotella 
meneghiniana
CYCL_MENE_01 18 GAGGTTCTCACGGCCAGA 630-647
CYCL_MENE_02 25 TTTGGAGAGGTTCTCACGGCCAGAT 1704-1728
Cymbella 
minuta
CYMB_MIN_01 18 GAGGACGCCACAATCCGC 609-626
CYMB_MIN_02 25 AACCAAAAGAGGACGCCACAATCCG 610-634
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Species code_name Length Sequence (5’-3’) Position
Diatoma 
hyemalis
DIAT_HYE_01 18 GAAGGACCAGTCGCTCCA 555-572
DIAT_HYE_02 25 CATCGACTGACCTGTTATTGCCCCT 1330-1354
Eolimna minima
EOLI_MIN_01 18 GGGACCGCGCAACAAACC 610-627
EOLI_MIN_02 25 TGGGACCGCGCAACAAACCACAAAT 604-628
Fistuliphera
saprophila
FIST_SAPR_01 18 GGACGCCGCAACGCACAC 613-630
FIST_SAPR_02 25 AACAAATGGACGCCGCAACGCACAC 613-637
Fragilaria 
crotonensis
FRAG_CRO_01 18 UCGCACCGGCACGCCAUU 630-647
FRAG_CRO_02 25 UCAGAAGAUCGCACCGGCACGCCAU 631-655
FRAG_CRO_03 18 GAACAGGCAAACCAAGTC 658-675
FRAG_CRO_04 25 GAAGATCGCACCGGCACGCCATTCC 626-650
Frustulia vulgaris
FRUS_VUL_01 
(MA_23) 18 ATGGCAGCACCCGATAGT 652-669
FRUS_VUL_02 
(MA_21) 25 CCCAAGGATGGCAGCACCCGATAGT 652-676
FRUS_VUL_03 
(MA_19) 30
GTTCCACCCAAGGATGGCAGCACCCGA-
TAG 653-682
Gomphonema
angustatum
GOMP_ANG_01 18 AGAGGGCCGCAGAAACCA 601-625
GOMP_ANG_02 25 GAGGGCCGCAGAAACCACCACAAAT 609-626
Gomphonema
 parvulum
GOMP_PAR_01 18 CTTAGACAGTGCATGGCT 1216-1234
GOMP_PAR_02 18 ACTTAGACAGTGCATGGC 1215-1232
Gyrosigma 
scalproides
GYRO_SCAL_01 18 AAGGGCACCCAACGCACG 646-663
GYRO_SCAL_02 25 AAGAGAAAAGGGCACCCAACGCACG 646-670
Mayamea 
atomus + 
var.permitis
MAYA_ATO_01 18 CGGCAGTACCCAAACAGT 627-644
MAYA_ATO_02 25 CAGCGCCCGGCAGTACCCAAACAGT 627-651
Melosira varians
MELO_VAR_01 
(MEL_52 18 TACTCAAACGAGGATGGT 652-669
MELO_VAR_02 
(MEL_54) 18 CATGGGTCTTAGACCAAC 610-63
Navicula 
accomoda
NAV_ACC_01 18 GCCGCAAACGCACCACAA 637-654
NAV_ACC_02 25 GGCGCGCTCGCGGCAGAACCAAATA 662-686
Navicula 
capitoradiata
NAV_CAPI_01 18 CCCAAATAAGGGAACTGG 1717-1734
NAV_CAPI_02 25 CTCACAGCCAACTCCCAAATAAGGG 1723-1747
Navicula 
goeppertiana
NAV_GOEP_01 18 CCATACAAACATCCACCC 799-816
NAV_GOEP_02 25 ACATCCACCCAAAGATGACCTTGGC 784-808
Navicula jobaudii
NAV_JOB_01 18 AGGATGGCCGCTCGCAAC 674-691
NAV_JOB_02 25 GGGACCATGCGAGAAACCACAAATC 635-659
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Species code_name Length Sequence (5’-3’) Position
Navicula 
pelliculosa
NAV_PELL_02 25 AATGAATGGACGCCGCAACGCGCGC 616-640
NAV_PELL_03 25 ATGAATGGACGCCGCAACGCGCGCC 614-638
Navicula 
phyllepta
NAV_PHYL_01 18 GAACACACCACACACCAC 641-658
Neidium affine
NEID_AFF_01 
(NEID-52) 18 GCGACATAACGTAACACT 741-757
NEID_AFF_02 
(NEID-54) 18 CATAACGTAACACTGCCG 745-761
NEID_AFF_03 
(NEID-56) 18 TGCCACATCAGCTCAACC 1094-1110
NEID_AFF_04 
(MA_17) 18 ATGGCTGCAATCCCGAAT 1655-1672
NEID_AFF_05 
(MA_15) 25 CAACCCCAAAGGGAGCTCAGACTGT 631-655
NEID_AFF_06 
(MA_13) 30
AGCAACCCCAAAGGGAGCTCA-
GACTGTAAT 628-657
Nitzschia 
amphibia
NITZ_AMPH_01 
(NITZ-52) 18 CAAAGCCAACAATCCCAT 707-724
NITZ_AMPH_02 
(NITZ-54) 18 ATGGGCATCAACAATGCG 739-755
NITZ_AMPH_03 
(NITZ-56) 18 CCCGTACAGACACACAAG 679-696
Nitzschia 
apiculata
NITZ_API_01 18 CGGCACTAAGTACCAGGC 1103-1119
NITZ_API_02 25 AAGTACCAGGCCGCGAGCGACAACC 685-709
Nitzschia 
communis
NITZ_COM_01 
(MA_11) 18 CGACGCTAGCGAGCACCG 673-690
NITZ_COM_02 
(MA_07) 30
ATGGCGACGCTAGCGAGCACCGGCACG-
GAT 665-694
NITZ_COM_02 
(MA_09) 25 GACGCTAGCGAGCACCGGCACGGAT 665-689
Nitzschia 
frustulum
NITZ_FRU_01 18 CCGGGCCGCAGCGACAGC 629-646
NITZ_FRU_02 25 GACCCACGAATGCCGGGCCGCAGCG 634-658
Nitzschia 
incospicua
NITZ_INC_01 18 AGCCCACGGCCCGACAGG 639-656
NITZ_INC_02 25 AGCCCACGGCCCGACAGGACACACC 632-656
Nitzschia linearis
NITZ_LIN_01 18 ACAGGCCACTAGCGACAG 631-648
NITZ_LIN_02 25 GACGCCAGCAAACACUGACACUAAG 651-675
Nitzschia sigma
NITZ_SIG_01 18 AACACCAGCACGAATGCC 645-662
NITZ_SIG_02 25 CTAGCAAACACCAGCACGAATGCCG 644-668
Nitzschia vitrea
NITZ_VIT_01 18 AGAAGGTCCACCCAGTGA 1368-1385
NITZ_VIT_02 25 GACGCTTGCAAACACCGGCACTAGG 665-689
NITZ_VIT_03 
(MA_03) 25 GACGCTTGCAAACACCGGCACTAGG 635-660
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Species code_name Length Sequence (5’-3’) Position
Planothidium
 lanceolatum
PLAN_LANC_01 18 AUGACGCCCACAUCCAGU 654-671
PLAN_LANC_02 25 AAGCGGAGGCTGCACTGCTGGTGGT 1136-1160
PLAN_LANC_03 18 TACCCAGACAATGCCAGG 637-654
PLAN_LANC_04 25 CGCCCACATCCAGTACCCAGACAAT 643-667
Pleurosira laevis
PLEU_LAE_01 18 CATTGGGACCGCGCAACA 614-631
PLEU_LAE_02 25 ACATTGGGACCGCGCAACAAACCAC 608-632
Sellaphora 
pupula
SELL_PUP 25 CGGAGCCGCACCTGCATCCACAAAT 622-646
Surirella ovalis
SURI_OVAL_01 18 CCTAGACCGTACCAAGCA 1128-1144
SURI_OVAL_02 25 ACCCCCTAGACCGTACCAAGCAATA 660-684
Surirella tenera 
var.cristata
SUR_TEN_CR_01 18 CAATGGCCAATGCCTGCT 412-429
SUR_TEN_CR_02 25 ACCCGAGGATGCTTGTCCTAGAACG 660-684
Primer/Probe technique
PCR is a well established, affordable and easy to use  technique, thus, it was de-
cided to make a preliminary test to find amplification conditions  in PCR experiments capa-
ble to discriminate selectively one diatom species from a pool of diatoms. The essential 
idea was to produce a species-specific PCR mix (named PP mix) containing  species-
specific oligonucleotides (Probe designed) and universal primers  for the 18S rDNA and 
testing different annealing temperatures. This  approach consisted of an initial amplification 
of the 1800bp fragment (entire 18S rDNA gene) using the universal primer pairs #730 - 
#731 or #758 - #764, followed by quantification on 1% Agarose gel. An equal amount of 
DNA was used as template for a selective nested PCRs with a universal primer and an oli-
gonucleotide probe. 
In detail, 10 different PP mixes, specific for their corresponding diatom species, were 
selected and each was tested against 20 different nested PCR products (belonging to 
species listed in table 3.2), with the aim of discriminating specific amplified PCR frag-
ments.
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Table 3.3 List of Species 
Successful results were obtained for almost all the PP mixes except one, highlighted 
in red in table 3.3; the probe for Navicula jobaudi did not have enough discriminatory 
power to be unique for its  own target species, in fact it gave amplicons  also with the DNA 
of different diatom species.
Table 3.2 List of Species 
1. Amphyprora paludosa
2. Nitzschia vitrea
3. Surirella ovalis
4. Navicula joubaudii
5. Planothidium lanceolatum
6. Nitzschia communis
7. Mayamea atomus
8. Navicula accomoda
9. Caloneis bacillum
10. Sellaphora popula
11. Nitzschia incospicua
12. Nitzschia linearis
13. Navicula veneta
14. Navicula gregaria
15. Nitzschia phyllepta
16. Navicula radiosa
17. Navicula geoppertiana
18. Fragilaria capucina
19. Croticula cuspidate
20. Fragilaria ulna
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A)
B)
Fig.3.2 Primer/Probe amplification.
(A) represents the specie-specific amplification of Planothidium lanceolatum obtained 
using oligo #758 (Universal primer) and PLAN_LANC_01 (18 mer species-specific 
probe), whilst (B) represents another diatom species, Surirella ovalis amplified with PP 
mix containing #758-NITZ_INC_02 (25 mer species-specific probe). In this gel there 
are the PCR products of 20 different diatom species. M indicates 1Kb DNA ladder 
(Fermentas).
Primers T°C Species Probe Position Result
#758 64
Amphiprora paludosa
AMPH_PAL_01 274-291 OK
#758 64 AMPH_PAL_02 669-693 OK
#758 64
Mayamea atomus
MAYA_ATO_01 627-644 OK
#758 64 MAYA_ATO_02 627-651 OK
#758 60 Navicula geoppertiana NAV_GOEP_01 799-816 OK
#758 64 Navicula jobaudii NAV_JOB_01 674-691 NO
#758 60 Nitzschia communis NITZ_COM_01 673-690 OK
#792 64
Nitzschia incospicua
NITZ_INC_01 639-656 OK
#758 64 NITZ_INC_02 632-656 OK
#758 64
Nitzschia linearis
NITZ_LIN_01 631-648 OK
#758 64 NITZ_LIN_02 651-675 OK
#758 60 Planothidium lanceolatum PLAN_LANC_01 654-671 OK
#758 64 Nitzschia vitrea NITZ_VIT_02 665-689 OK
#758 64 Surirella ovalis SURI_OVAL_01 660-684 OK
An example of the successful amplification of Planothidium lanceolatum and  Nitz-
schia incospicua is shown in Fig. 3.2.
 These results confirm the high specificity of the probes designed, in particular, 
9 species  were successfully detected in a panel of 20 different diatom 18 S rDNAs, while 
the PP mix for Navicula jobaudii was not species-specific, in fact it amplified other DNAs. 
New probes will be designed for this  species or another one belonging to the same level of 
water quality will be chosen in replacement.
Mix of PCR products
It was necessary to redesign the experiment changing the species to include in the 
amplification panel because some DNAs from pure cultures previously tested were lost. In 
accordance with the original idea to test the specificity of probes developed, 9 different dia-
tom species were selected and ad hoc mixtures (table below) of the chromosomal DNAs 
were generated to control the amplification in the presence of several DNAs in the reaction 
tube. 
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MIX 1        MIX 2        MIX 3       MIX 4       MIX A
Fig.3.3 Amplified 18S rDNA gene
All five different DNA mixtures are ampli-
fied using #758-#764 primer pair and 
then loaded on agarose gel (1%w/v).
An equal amount of cells (approximation of a saturated culture) from each of the 9 
selected species was collected, filtered and then the DNA was extracted using the Invisorb 
Plant Kit. 
Only Mix A (the A stands  for all species) included all 9 freshwater diatoms, whilst 
each of the other Mix lacked of one species, as it is presented in table below.
MIX 1 MIX 2 MIX 3 MIX 4 MIX A
NO Nitzschia vitrea Nitzschia vitrea Nitzschia vitrea Nitzschia vitrea
Navicula jobaudii NO Navicula jobaudii Navicula jobaudii Navicula jobaudii
Gomphonema 
angustatum
Gomphonema 
angustatum
Gomphonema 
angustatum
Gomphonema 
angustatum
Gomphonema 
angustatum
Nitzschia 
laevidensis
Nitzschia 
laevidensis
Nitzschia 
laevidensis
Nitzschia 
laevidensis
Nitzschia 
laevidensis
Nitzschia frustulum Nitzschia frustulum Nitzschia frustulum Nitzschia frustulum Nitzschia frustulum
Eolimna minima Eolimna minima Eolimna minima NO Eolimna minima
Navicula trivialis Navicula trivialis Navicula trivialis Navicula trivialis Navicula trivialis
Navicula accomoda Navicula accomoda Navicula accomoda Navicula accomoda Navicula accomoda
Nitzschia amphibia Nitzschia amphibia NO Nitzschia amphibia Nitzschia amphibia
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Fig.3.4 Competitive PCR.
A) tested with NITZ_VIT_02; B) tested with NAV_JOB_02; C) tested with 
NITZ_AMPH_03 and D) tested with EOL_MIN_01. Bleu arrow  indicates the mix miss-
ing the target species.
A) B)
C) D)
Therefore, as previously described for the probes belonging to the previous list of 10 
species, PCR experiments were carried out to selectively amplify Nitzschia vitrea, Nitz-
schia amphibia, Navicula jobaudii and Eolimna minima using the universal primer #758 
and the species-specific probe. 
All the PP pairs produced nested PCR fragments of different length when tested with 
their own target DNAs (positive control indicated with (+), but also in presence of DNA mix-
tures where the target rDNAs were mixed with other competitors  DNA. These experiments 
were set to mimic the conditions  found in environmental samples, starting from the mixture 
of cells from pure cultures, followed by DNA extraction of the mixed cells  previously filtered 
and finally used the DNA for the amplification of the entire 18S rDNA. From this  point the 
procedure followed the approach described in the previous  paragraph for the PP amplifi-
cation. As  seen in the results shown in Fig. 3.4  all the DNA produced an amplicon only in 
the presence of their own target species; in the absence of cells, no amplification was de-
tected.
Previous experiments  were carried out using primer #730 instead of primer #758, but 
both universal primers amplified the target species as expected.
Analysis of environmental samples
During Autumn 2004 two rivers in the Province of Macerata, area nearby the Univer-
sity of Camerino, were sampled. Specimens from 5 different stations were collected along 
the Potenza river and 4 different stations in the Chienti river (table below). Each sample 
was sent to the laboratory of Dr Laura Mancini at the ISS in Rome for the species identifi-
cation, and a list of species present under the microscope was provided to us after the 
normal procedure of identification (EPA, monitoraggio sistemi fluviali). At the same time 
DNA was extracted from each sample and the 18S rDNA amplified with universal primers 
#758 and #764.
Within the DNA extracted from environmental samples it was possible to test only the 
specificity of Nitzschia vitrea, which was identified at “Castelraimondo” (code name: N-1) 
station. Thus, the 18S rDNA of this station was used as  template for a nested amplification 
with PP containing the oligonucleotide NITZ_VIT_02. As expected, we successfully ob-
tained amplification, even though the yield was faint. This result confirms the presence of 
the target species and reflects the small number of cells counted at the inverted micro-
scope.
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 On the contrary, in environmental sample “Pioraco monte” (code name:N-H) Eolimna 
minima was identified with the microscope but was not detected using morphological 
analysis in sample N-E. 
Station River Code Name Source
Rotelli Potenza N-A epilithic
Molino Potenza N-B epilithic
Cava S.Severino Marche Potenza N-C epilithic
Cementificio Castelraimondo Potenza N-D epilithic
Castelraimondo Potenza N-E epiphitic
Civitanova Marche Chienti N-1 epilithic
Piediripa Chienti N-2 epilithic
Sforzacosta Chienti N-3 epilithic
Tolentino Chienti N-4 epilithic
List of stations in Chienti and Potenza river 
Fig.3.5 Analysis of environmental samples.
Nitzschia vitrea was successfully  recognized in 
station N-1 where it was identified by micros-
copy technique. No amplification was detected 
in samples in the other stations. Positive control 
is indicated by (+).
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Dot/Slot Blot experiments
The specificity of the designed probes  was screened using radioactive primers hy-
bridized onto filters on which PCR-amplified 18S rDNA sequences, corresponding to indi-
vidual species  of diatoms, had been blotted by the dot-blot and slot-blot technique. Initially, 
a panel of 4 target rDNAs, Nitzschia communis, Frustulia vulgaris, Neidium affine and 
Navicula accomoda, were spotted on Hybond-N+ membranes  to test the species-specificity 
of each probe designed. All Frustulia vulgaris probes, including the 18, 25 and 30 mer, 
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Fig.3.6 Frustulia vulgaris 18 and 25 mer experiments.
Testing of A) the 18 mer probe, B) the 25 mer probe. Dilution of spotted DNAs is dis-
played on top of the Figure.
Neidium
affine
Nitzschia
communis
Frustulia
vulgaris
Navicula
accomoda
2µl 1:2 1:8 1:16 1:181:4
Neidium
affine
Nitzschia
communis
Frustulia
vulgaris
Navicula
accomoda
2µl 1/2 1/4 1/8 1/16 1/32
B)
A)
recognized their own target rDNA amplified with primers pair #730 + #731, but the 25 mer 
cross-hybridized also with the other species (Fig.3.6), though with a lower yield. 
In a previous work (MS thesis, Berzano M. 2002) 3 different species-specific probes 
for Neidium affine and Nitzschia amphibia were tested in dot-blot experiments using a dif-
ferent non radioactive detection method (DIG chemiluminescence kit by Roche).
Both techniques confirmed the specificity of the probes designed even though the 
negative controls (different diatom species  spotted on the membranes) were different for 
composition or number.
In table.3.4 31 different PCR products obtained with primer combination #730 + #731 
that were spotted on the Hybond membrane are listed; each PCR product was spotted in 
duplicate and all the DNAs had the same final concentration expressed in ng/µl. 
Table 3.7 shows the results obtained for the selected species, including additional 
information of the probes used for the species identification.
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Navicula 
accomoda
Nitzschia 
communis
Nitzschia 
vitrea
Amphiprora 
paludosa
Gyrosigma 
scalproides
Navicula 
joubaudii
Surirella 
ovalis
Gomphonema 
angustatum
Denticula 
kuetzingii
Navicula 
capitatoradiata
Navicula 
qccomoda
Nitzschia 
communis
Nitzschia 
vitrea
Amphiprora 
paludosa
Gyrosigma 
scalproides
Navicula 
joubaudii
Surirella 
ovalis
Gomphonema 
angustatum
Denticula 
kuetzingii
Navicula 
capitatoradiata
Sellaphora 
pupula
Surirella 
tenera
Fragilaria 
ulna
Navicula 
atomus
Nitzschia 
incospicua
Nitzschia 
linearis
Navicula 
veneta
Navicula 
gregaria
Achnantidium 
minutissimum
Navicula  
goeppertiana
Sellaphora 
pupula
Surirella 
tenera
Fragilaria 
ulna
Navicula 
atomus
Nitzschia 
incospicua
Nitzschia 
linearis
Navicula 
veneta
Navicula 
gregaria
Achnantidium 
minutissimum
Navicula  
goeppertiana
Navicula 
phyllepta
Navicula 
radiosa
Gomphonema 
parvulum
Navicula 
reinharditii
Planothidium 
lanceolatum
Fragilaria 
capuccina 
Navicula 
pelliculosa
Croticula 
cuspidata
Cymbella 
tuimida
Amphora 
normanni
Navicula 
phyllepta
Navicula 
radiosa
Gomphonema 
parvulum
Navicula 
reinharditii
Planothidium 
lanceolatum
Fragilaria 
capuccina 
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tuimida
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normanni
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Table 3.4 List of PCR product spotted on the membrane.
PROBE LENGTH POSITION Tm °C T°C HYB. RESULT
SURI_OVAL-02 25 660-684 60.0 45 OK
NITZ_COM_01 18 673-690 58.5 50.3 OK
NAV_JOB_01 18 674-691 59.0 50.3 OK
NAV_ACC_01 18 673-654 59.2 51 OK
GYRO_SCAL_01 18 646-663 59.7 50.3 OK
GYRO_SCAL_02 25 646-670 66.6 49.5 OK
AMPH_PAL_02 25 669-693 67.8 51 OK
ACHN_MIN_01 18 321-338 58.2 51 OK
NITZ_LIN_02 25 641-658 69.0 47 OK
MAYA_ATO_02 25 627-651 69.0 51 OK
NIT_INC_02 25 632-656 72.3 52 OK
NITZ_VIT_02 25 665-689 66.0 51 NO
GOMPH_ANG_01 18 601-625 56.1 50 NO
SUR_TEN_02 25 660-684 62.2 50 NO
In particular, Fig.3.7 highlights  the species-specificity of Surirella ovalis and Nitzschia 
linearis probes that perfectly recognized their target DNA fixed on the membrane. 
Hence, dot blot experiments produced interesting results, showing the species-specificity 
of 6 different freshwater diatoms, which perfectly matched with their targets. More specifi-
cally, positive results  were found for a total of 11 probes tested that were recognized dur-
ing the hybridization process. On the contrary, the SUR_TEN_02 probe did not recognize 
its target DNA but matched with Surirella ovalis, confirming the short phylogenetic distance 
Table 3.7 List of probes tested in dot/slot blot experiments 
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Fig.3.7 Dot-Blot results.
A) testing of probe SUR_OVAL_02 (25 mer), and B) probe NITZ_LIN_02 (25 mer)
A) B)
between the two species.  The other two probes, NITZ_VIT_02 and GOMPH_ANG_01, did 
not recognize their complementary target DNAs or any of the others spotted on the mem-
brane and for this reason were discarded.
Furthermore, the analysis of the species-specificity of the designed probes revealed 
that the optimal temperature at which the individual probes hybridize can be substantially 
different from case to case and affect the capacity of each probe to maintain its specificity, 
especially in the presence of (possibly high) concentrations  of competing non-specific 
DNA. Thus, to obtain reliable results  from the hybridization of the DNA chips there are two 
optional approaches to investigate: to perform these experiments at several different tem-
peratures or to cope with the need of adjusting the length of each DNA probe, empirically 
determining their optimal hybridization conditions until a condition is reached in which they 
all anneal efficiently and specifically at the same temperature. The latter approach was 
pursued in microarray experiments.
Microarray experiments
Microarray experiments were conducted with the dual aim of confirming the specific-
ity of the designed probes and of looking at the influence of parameters such as probe 
length, number of carbons at their 5’ end, presence or absence of a poly(T) tail, chemical 
nature of slide surface and length of the PCR fragments. To simplify the work of assessing 
the best condition for microarray experiments only a few species were selected and placed 
on board the microarray slide. Specifically, four different species (Nitzschia communis, 
Nitschia vitrea, Neidium affine and Frustulia vulgaris) were initially tested with different 
combinations of the parameters  mentioned above. More than the size of the probes (the 
hybridization efficiency of 18 mer, 25 mer and 30 me was compared) the sequences them-
selves seemed to play an essential role. During the printing procedure the probes are 
squeezed on the surface of the glass slide, free to move but covalently attached by the 
amino modification at 5’ end. For these reasons several experiments were carried out to 
clarify this aspect, and the results showed that the longer the probe sequence the better 
the signals obtained. This was also confirmed by other researchers who made systematic 
studies on hybridization efficiency and mismatches localization (Letowsky et al. 2004; Loy 
et al. 2002). On the other hand, long species-specific probe sequences have higher simi-
larity with other diatom species; to solve this  problem a 15 poly-T spacer was artificially 
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introduced at the 5’-end of the probe sequence. The presence of a spacer to elevate the 
probes spotted from the surface of the glass slide increased the signal intensity after the 
hybridization. Thus, the probe seems to be more accessible to complementary sequence 
of the target rDNA.  A comparison between a probe sequence with or without the poly-T 
tail could be found in manuscript 2 in the Appendix section dedicated to manuscripts.
What did not influence the signal intensity was the presence of different numbers of 
carbons (C12 versus C6) in the 5’ end region; an amino modified carbon was used to co-
valently bind the probe to the epoxy-coated glass slide. 
Another parameter taken in consideration was the concentration of target DNA la-
beled and applied on to the surface of the microarray slide. The first labeling procedure 
consisted in using a biotinylated primer (usually oligo #758) in the PCR reaction, to have 
all PCR fragment copies  with a biotin group at 5’ end. This  strategy was adopted in con-
sideration of the strong binding between biotin and streptavidin (enzymatic reaction). 
Hence, after applying the biotinylated target DNA and removing the molecules not at-
tached to the probes, the slide was  stained with conjugated Cy5-steptavidin. To use this 
approach it was clear that the optimal concentration of PCR products  was about 500/
700ng per array. During an inter-laboratory comparison by all partners of the EU project 
MICROPAD, the participants agreed to use a labeling procedure that introduced randomly 
Cy5 molecules in the DNA of interest based on the results explained in the manuscript 2 
(Appendix). 
Therefore, from the conjoined experience of the meeting it was  decided to start new 
microarray experiments using a random incorporation of biotin followed by an additional 
step with the Cy5-Streptavidin conjugate. This  approach reduced the background noise 
and strengthened binding of Cy5 to the target DNA.
Additional experiments demonstrated that short PCR fragments, in the range of 200-
300 bp, gave higher signal intensities than using the entire 1800bp of the 18S rDNA; thus, 
this parameter was set in all the experiments.
Finally, the complete DNA chip, with all working probes successfully tested, com-
prises probes  for 10 freshwater diatoms species (listed in table below) all classified as ex-
cellent bioindicators. PCR fragments amplified using the oligo pair #758-#762 were all rec-
ognized by their own species-specific probes. These species cover the complete range of 
water quality (see table below) described by Prof. Dell’Uomo (University of Camerino, 
Dept. Botany) for the rivers of the Appennino Marchigiano. 
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The Amphiprora paludosa PCR fragment perfectly matched the specific probe as 
clearly shown in Fig. 3.8.
Specific probes for Nitzschia linearis were tested with PCR fragments obtained using 
oligos #758-#762 that gave perfect results  recognizing their own specific probes while not 
cross-reacting with probes of the same Nitzschia genus.  
Fig. 3.8 Amphiprora paludosa results
Specificity of AMPH_PAL_02 probe which perfectly recognized its own DNA target.
AMPH_PAL_02 O O X X X X X X
CYCL_MENE_01 O O X X X X X X
CYMB_MIN_01 O O X X X X X X
CYMB_MIN_02 O O X X X X X X
FIST_SAPR_01 O O X X X X X X
FIST_SAPR_02 O O X X X X X X
FRAG_CRO_01 O O X X X X X X
FRAG_CRO_02 O O X X X X X X
NITZ_SIG_01 O O X X X X X X
NITZ_SIG_02 O O X X X X X X
NITZ_VIT_01 O O X X X X X X
NITZ_VIT_02 O O X X X X X X
NAV_ACC_01 O O X X X X X X
NAV_ACC_02 O O X X X X X X
NAV_JOB_01 O O X X X X X X
NAV_JOB_02 O O X X X X X X
SSC (-) O O X X X X X X
BSA (+) O O O O O O O O
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EPI-D 
Level SPECIES
I Neidium affine
II Frustulia vulgaris
III Nitzschia linearis
IV Nitzschia incospicua
IV Nitzschia frustulum
IV Surirella ovalis
V Amphiprora paludosa
V Mayamea atomus
V Nitzschia communis
V Navicula accomoda
Fig.3.9 shows the specificity of both 18 and 25 mer probes  and no signal for Nitz-
schia incospicua probe (NITZ_INC_01).
The quantization of signal intensity was calculated on the bases of the median inten-
sities for all spots containing the same probe and was after subtraction of  the background 
was plotted (including the error bar calculated for the six replicates). 
Environmental samples
All experiments with pure cultures demonstrated the species-specificity of the probes 
designed for selected freshwater diatoms but what is of major interest concerns the 
screening of diatoms biodiversity in environmental samples. In 2004 two rivers, Potenza 
and Chienti (Macerata Province), were sampled four times and each time both epiphytic 
and epilitic samples from five different stations along the rivers were collected. Portions of 
the samples were sent to the ISS in Rome for species identification and the remaining was 
processed for molecular analysis. The DNA extracted was used as template fro PCR am-
plification using oligonucleotide primers #730 - #731 in order to get amplicons  to use for 
nested PCRs. Internal primers  #758 & #762 were used to obtained fragments of 500bp 
containing the reverse complement sequences of the probes in central position. The list of 
species identified in each station was provided and table XX shows the stations chosen for 
NITZ_LIN_01 O O X X X X X X X
NITZ_LIN_02 O O X X X X X X X
NITZ_INC_01 O O X X X X X X X
BSA O O O O O O O O O
Fig. 3.9 Nitzschia linearis
Specificity of both probes, 18 and 25 mer recognizing their own DNA target.
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microarray experiments. The criteria for which the stations were selected are based on the 
presence/absence of species that had probes capable of recognizing their target species.
The complexity of environmental samples  is known and the results obtained have to 
be considered representative but still preliminary. Among the species identified in light mi-
croscopy in sample N-D, Navicula accomoda was not recognized by the operator but in 
the DNA chip both probes, the 18 and 25 mer, previously proven to be specific, gave good 
signal intensities. The presence  of Mayamea atomus and Achnantidium minutissimum 
was confirmed by both analyses, molecular and microscope. The probe for the latter spe-
cies has never been tested on DNA chip but it was  previously verified in dot-blot analysis 
which confirmed its  specificity.  This provisional result looks very promising but it has to be 
confirmed on microarray. 
In Fig. 3.10 the quantified signals  of a microarray experiment are plotted and the re-
sults for the probes tested with environmental sample N-D are displayed. 
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Fig.3.10 quantification of microarray experiment.
Sample N-D was quantified using SIgma Plot software
CHAPTER 4:
CONCLUSIONS
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The central goal of this project was to develop molecular tools for improving the sen-
sitivity of the identification of freshwater diatoms considered excellent bioindicators. Tradi-
tional methods based on light microscopy are well established but they are time consum-
ing and even though there are standardized methodologies, diatoms classification relies a 
lot on the expertise of the operator. It is now widely accepted that diatom taxonomy cannot 
be assessed without the complementary information provided by molecular analysis based 
on rubisco protein or ribosomal RNA (large and small subunits) sequences.
Three distinct techniques based on molecular analysis  were applied to this study and 
from all of them it was possible to collect very interesting information: dot/slot blot tech-
nique, PCR based and microarray technology.
Bioinformatics tools were used to obtain first the complete sequences of the 18S 
rDNA and then to design species-specific oligonucleotide probes.
To provide a better access to the reverse complementary sequence in the test probe 
PCR fragments, initially used, contained the discriminatory sequence in the terminal posi-
tion; this proved to be an excellent strategy. From the Primer/Probe technique, 14 probes 
were tested and only one did not work; thus, 9 out of 10 species were successfully de-
tected with this approach. Excellent results  were obtained with primer-probe PCR amplifi-
cation products of ±500 bp or, even shorter, 300 bp, which is  very close to the maximum 
length accepted in Real-Time PCR experiments (a technique we shall investigate).
The discriminatory power of selective PCR was confirmed with dot-slot/blot analysis 
where 11 different probes, one for each freshwater diatom species selected, recognized 
their target DNAs, whilst only 3 probes did not match specifically the PCR fragments fixed 
in the membranes. However, since the dot blot method is  limited by the possibility to to test 
only one probe at time, this  technique was not developed further. Attention was turned to 
the use of the microarrays, an inverted dot blot, which allows the simultaneous detection of 
many different genes/probes in one shot.
For what concerns microarray experiments, a great number of probes (>80) was 
tested and 10 species, belonging  to a complete range of the water quality levels for the 
EPI-D method , were successfully discriminated.
Different variables were analyzed in microarray experiments  in order to develop a re-
liable method and to obtain the best signal to maximize the potential of this  technique. The 
length of the probes was chosen to be 18 or 25 mer but the presence of a 15 poly-T 
spacer to raise the oligonucleotide sequence from the glass slide was  mandatory. Hybridi-
zation conditions were the same for all probes spotted on the epoxy-coated slides, includ-
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ing the temperature of incubation, which was set at 58°C. For what concerns the PCR 
products of target DNAs, the best results were obtained with short amplicons (as men-
tioned above, about 300 bp) containing the complementary sequence of the probe in cen-
tral position, or, a comparable result, if PP amplicons were applied to the DNA chip. This 
could be explained with a higher accessibility to the complementary sequences by the tar-
get DNA, which has a natural folding when it is in solution. As  foreseen in our strategy, 
many probes designed were discarded and removed from the grid of the microarray due to 
their non-specificity in relation to their target, but this was originally considered because an 
excess number of species were selected.
In summary, 5 different freshwater diatom species (Amphiprora paludosa, Nitzschia 
communis, Nitzschia incospicua, Nitzschia linearis and Surirella ovalis) were detected  un-
ambiguously with the three techniques described in this  research project;  all the molecular 
tools adopted confirmed the flexibility of the selected methodologies.
It was confirmed that the discriminatory power of the 18S rDNA is limited to distin-
guishing a restricted number of species, and for this reason it was necessary to develop 
new methodologies to assess microbial biodiversity in natural environments; in particular, 
an extra effort to search specific patterns, based on genome scale,  is needed to establish 
the composition of complex communities. Environmental samples were analyzed during 
this  research project but more intensive studies  are required to have a clearer view of the 
potentiality of the methodologies used. A new hypothesis, mutually proposed with the Isti-
tuto Superiore di Sanità, is to focus the investigation on diatoms belonging to a classifica-
tion based on the Ecoregions, “Mediterranea” and “Alpina”. This  new classification reduces 
the number of species to identify but at the same time relies on a more sensitive selection 
of diatoms to assess water quality. 
In conclusion, microarray technology is a powerful technique that allows the simulta-
neous detection  of many oligonucleotide probes  and its discriminatory power depends on 
the quality of probes. 
The efficiency and applicability of this procedure is the availability of a large set of 
oligonucleotide sequences that can successfully distinguish different diatom species. Fu-
ture perspectives include a different approach in nucleic acid hybridization, total RNA ver-
sus DNA, coupled with microarray technology aiming to avoid the bias produced by the 
end-point PCR amplification. An alternative strategy for species identification, as men-
tioned above, is Real Time PCR that, in addition to the species identification, allows  a 
quantification of the species in the environmental samples.
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